Abstract The accumulation rate of meteoric smoke particles (MSPs) in ice cores-determined from the trace elements Ir and Pt, and superparamagnetic Fe particles-is significantly higher than expected from the measured vertical fluxes of Na and Fe atoms in the upper mesosphere and the surface deposition of cosmic spherules. The Whole Atmosphere Community Climate Model with the Community Aerosol and Radiation Model for Atmospheres has been used to simulate MSP production, transport, and deposition, using a global MSP input of 7.9 t d À1 based on these other measurements. The modeled MSP deposition rates are smaller than the measurements by factors of~32 in Greenland and~12 in Antarctica, even after reanalysis of the Ir/Pt ice core data with inclusion of a volcanic source. Variations of the model deposition scheme and use of the United Kingdom Chemistry and Aerosols model do not improve the agreement. Direct removal of MSP-nucleated polar stratospheric cloud particles to the surface gives much better agreement, but would result in an unfeasibly high rate of nitrate deposition. The unablated fraction of cosmic dust (~35 t d
Introduction
The ablation of cosmic dust in the Earth's upper atmosphere results in the presence of layers of metal atoms between about 80 and 105 km . Below 80 km these metals are converted into compounds such as oxides, hydroxides, and carbonates, which polymerize to form nanometer-sized meteoric smoke particles (MSPs) (Saunders & Plane, 2006) . MSPs are likely to be composed of Fe, Mg, Si, and O, probably in the form of olivines (Fe x Mg 2-x SiO 4 , 0 ≤ x ≤ 2) or pyroxenes (Fe x Mg 1-x SiO 3 , 0 ≤ x ≤ 1) (Hervig et al., 2012; Plane et al., 2015) . MSPs are transported first by atmospheric circulation to the stratosphere, then by a combination of circulation and sedimentation, to be ultimately deposited at the surface after an average of 4-5 years (Dhomse et al., 2013) .
(LDEF), which detected dust in low Earth orbit (Love & Brownlee, 1993) , meteor radars (Hughes, 1978; Mathews et al., 2001) , and lidar measurements of the vertical fluxes of Na and Fe atoms in the upper mesosphere (Gardner et al., 2014; Gardner et al., 2016; Huang et al., 2015) . There have also been many estimates of the dust input from the surface deposition of micrometeorites and cosmic spherules (melted micrometeorites that did not fully ablate during atmospheric entry), using measurements of Ir (e.g., Karner et al., 2003; Kyte & Wasson, 1986) , Os (e.g., Esser & Turekian, 1993; Peucker-Ehrenbrink & Ravizza, 2000) and 3 He (e.g., Brook et al., 2000; Marcantonio et al., 1999; Winckler & Fischer, 2006) in ocean sediments, and cosmic spherule counts (e.g., Maurette et al., 1986; Prasad et al., 2013; Taylor et al., 1998) . These and other measurements have been compared and tabulated by Karner et al. (2003) , Plane (2012) , and Prasad et al. (2013) . Surface deposition studies have provided measurements of the total dust input rate or the flux of micrometeorites (typically much larger than 1 μm) that have survived entry. However, they do not provide measurements of the ablation flux, which should be exclusively represented by the much smaller MSPs.
The first reported detection of MSP surface deposition was by Gabrielli et al. (2004) , who measured Ir and Pt in ice core samples from the Greenland Ice Core Project (GRIP) at Summit, central Greenland (72°N, 38°W) (Dansgaard et al., 1993) . These siderophile elements are significantly enriched in cosmic dust with respect to the Earth's crust (Barker & Anders, 1968; Ganapathy et al., 1978) . The method of dissolving the ice core extract in weak nitric acid, followed by inductively coupled plasma ionization and detection by mass spectrometry, was designed to exclude most Ir and Pt from larger (r > 200 nm) particles. Significant enrichment of both Ir and Pt with respect to Al (a proxy for crustal dust) was found during the Holocene, with an average Ir/Pt ratio close to the chondritic ratio of 0.49 (Asplund et al., 2009) , and so the Ir and Pt signals were ascribed to MSPs. During the Last Glacial Age (LGA), the MSP signal was obscured by the much higher loading of terrestrial crustal dust. Assuming a chondritic composition, 100% ablation (i.e., all the incoming Ir and Pt evaporated and then became incorporated into MSPs), and uniform global deposition, the cosmic dust input during the Holocene was estimated to be 214 ± 82 t d À1 . Since this is a relatively high value (Plane, 2012) , Gabrielli et al. (2004) suggested that MSP deposition might be enhanced in the polar regions as a result of the prevailing mesospheric meridional transport to the winter pole, followed by descent in the winter polar vortex.
A similar ice core study was then performed by Gabrielli et al. (2006) at two sites in Antarctica: the European Project for Ice Coring in Antarctica (EPICA) at Dome C (75°S, 123°E) (Augustin et al., 2004) and at Vostok (78°S, 107°E) (Petit et al., 1999) . Surprisingly, higher Pt and Ir concentrations were observed at both sites during interglacial periods, despite lower atmospheric dust concentrations. This was attributed to a weaker interglacial polar vortex, which allowed more in-land transport of Ir-and Pt-enriched volcanic emissions. Thus, the cosmic dust flux during these interglacial periods could not be determined, but global inputs of 56 ± 22 and 64 ± 26 t d À1 were calculated during glacial periods at Vostok and EPICA, respectively.
MSP fluxes have also been reported from observations of superparamagnetic Fe in ice cores, at the North Greenland Ice Core Project (NGRIP; 75°N, 42°W) (Lanci, 2004; Lanci & Kent, 2006) , EPICA (Lanci et al., 2008) , and Vostok (Lanci et al., 2007) . These studies were subsequently summarized by Lanci et al. (2012) . At each site, for a set of time-varying samples, the isothermal remnant magnetization (IRM) was measured at 77 K, and then again at 255 K; a decrease in magnetization was observed following heating. The magnetization remaining at 255 K is referred to as the stable magnetization, and the magnetization lost between 77 and 255 K is the superparamagnetic (SP) fraction. This SP fraction was assigned to particles with radii between 4 and 10 nm, which were assumed to be MSPs. The concentrations of crustal dust with radius > 0.1 μm were also measured, and the SP fraction was plotted against this concentration. Crustal dust may also contain a fraction of small particles which are SP, but it was assumed that at zero concentration of measurable crustal dust (i.e., particles with r > 0.1 μm), there was also no terrestrial SP component. Therefore, the intercept of SP magnetization against crustal dust (r > 0.1 μm) represents the magnetization caused by MSPs. This was converted to an Fe concentration assuming magnetite composition (see section 4.5), from which a global MSP input rate was calculated assuming uniform global deposition. Using the Fe concentrations for all three sites reported in Lanci et al. (2012) , and snow accumulation rates of 17.4, 2.5, and 2.0 g cm À2 yr NGRIP, Vostok, and EPICA, respectively. These values are a factor of between 1.7 and 3.3 times smaller than the Ir/Pt estimates discussed above.
Recently, Carrillo-Sánchez et al. (2016) used the cosmic spherule accretion rate at the bottom of an ice chamber at the Amundsen-Scott base at South Pole (Taylor et al., 1998) , together with recent measurements of the vertical fluxes of Na and Fe atoms above 87 km in the atmosphere (Gardner et al., 2014; Gardner et al., 2016; Huang et al., 2015) , to determine the total cosmic dust input mass to be 43 ± 14 t d À1 , of which 80 ± 17%
came from Jupiter Family Comets. Since the average entry velocity of the particles from these short-period comets is around 14 km s À1 , only 7.9 ± 2.6 t d À1 ablates, i.e.~18% of the total input. Because the bulk mineral in cosmic dust is olivinic with similar elemental abundances of Fe, Mg, and Si (Asplund et al., 2009 ), and these elements should then oxidize and form MSPs, the total mass of MSPs injected into the atmosphere should be similar to the ablated mass, i.e.~8 t d
À1
.
MSP deposition has previously been modeled by Dhomse et al. (2013) using a simple formalism to estimate the rate of wet MSP deposition in the UK's Unified Model (UM). This approach was based on the observation by Lanci et al. (2012) that the MSP deposition rate correlated with snowfall, and hence, wet appeared to be much more important than dry deposition. Dhomse et al. (2013) obtained a Greenland/Antarctica deposition ratio of about 15 (somewhat higher than the ratio of~7 based on both the Ir/Pt and superparamagnetic Fe fluxes discussed above). The global MSP input rate used by Dhomse et al. (2013) was 27 t d
, i.e. a factor of 3.4 times larger than the most recent estimate of 7.9 t d À1 from Carrillo-Sánchez et al. (2016) . Scaling the Dhomse et al. (2013) model results to this smaller input rate indicates that the UM study underpredicted the MSP deposition by factors of~6.6 and 15 in Greenland and Antarctica, respectively.
In this paper we report a more detailed modeling study of MSP transport in the atmosphere and deposition at the surface, using a Whole Atmosphere Community Climate Model (WACCM) coupled to an aerosol microphysics model (Community Aerosol and Radiation Model for Atmospheres (CARMA)). The simulations resolve growth of MSPs through coagulation above 35 km, and also, following descent into the Junge layer, growth via uptake of sulfuric acid and water. To assess whether our findings are specific to WACCM-CARMA, we also carry out equivalent simulations with a different global composition-climate model (UM-United Kingdom Chemistry and Aerosols (UKCA); see section 2.5), which has finer vertical resolution and a modal aerosol microphysics scheme (GLOMAP, where aerosol concentrations are recorded in a few modes represented by lognormal distributions, and for each mode only the number and mass concentration values need to be tracked ), as opposed to the sectional scheme (where mass or number concentrations are tracked for multiple different size bins) used in CARMA.
Model Description

WACCM-CARMA
WACCM is a 3-D numerical high-top coupled chemistry-climate model extending vertically from the surface to about 140 km (e.g., , which is part of the National Center for Atmospheric Research's Community Earth System Model (CESM) (Hurrell et al., 2013) . In this study, CESM v1.2.2 and WACCM 4 (CAM v5.3.57) were used. Aerosol properties are computed using CARMA, which employs a sectional (size bin) representation. Specified dynamics was used for all the WACCM runs, with meteorological values nudged below 50 km using the Modern-Era Retrospective Analysis for Research and Applications (MERRA) reanalysis (Rienecker et al., 2011) . This means that uncertainties remain in the vertical transport above 50 km, which could be resolved in the future using WACCM with a reanalysis extending from the surface to the lower thermosphere (Pedatella et al., 2013 (Pedatella et al., , 2014 .
WACCM includes a detailed neutral chemistry for the middle atmosphere based on the Model for Ozone and Related Chemical Tracers (MOZART) (Kinnison et al., 2007) and sulfur chemistry from English et al. (2011) ; there are 66 species, including the sulfur-containing species OCS, S, SO, SO 2 , SO 3 , HSO 3 , H 2 SO 4 , and a large set of photolysis, gas phase, and heterogeneous reactions, as in Lamarque et al. (2012) . Natural and anthropogenic emissions of SO 2 , NO 2 , NO, CO, NO, and DMS, and boundary conditions including for OCS were included as in Lamarque et al. (2012) . SO 2 emissions from both continuous quiescent volcanic degassing and explosively erupting volcanoes were also included (Mills et al., 2016 Kalashnikova et al. (2000) , with the input scaled to a selected global input rate from meteoric ablation.
Condensation and evaporation of H 2 SO 4 occur for both aerosol groups, but evaporation from mixed sulfate only occurs for particles that have a core fraction less than 0.5. For mixed sulfate, this condensation and limited evaporation mimics the reaction between H 2 SO 4 and MSP metal atoms (Saunders et al., 2012) . Coagulation occurs within and between both aerosol groups. These microphysical processes are calculated as described by English et al. (2012) .
Standard Aerosol Deposition
The dry deposition rate is calculated within CARMA. The deposition velocity in the lowest grid box is estimated using sedimentation velocities (for all aerosol sizes) and the parameterizations from Zhang and Brook (2001) , with land and ocean fractions from WACCM. For a single column, sedimentation velocities are also calculated for all grid boxes above the lowest box. These are used to determine the change in concentration for each box over a time step, and the total change for the column is then the dry deposition flux.
Wet deposition is calculated within CAM, and includes both in-cloud (nucleation) and below-cloud (impaction) scavenging. For each model grid box and aerosol bin, the in-cloud scavenging for both convective and stratiform precipitation is calculated as
( 1) where T IC is the change in aerosol concentration (tendency; in kg m À3 s
À1
), c sol is a solubility factor between 0 and 1 (there is no difference in the treatment of water and ice scavenging), f c is the fraction of the box covered by cloud, f p is the fractional rate at which cloud water is converted to precipitation (s À1 ), and q is the tracer concentration (in kg m À3 ). In the troposphere the overwhelming majority of the aerosol mass is sulfate (e.g., in the standard model run, stnd-7.9 (see Table 1 ), 0.004% by mass is MSP), and all MSPs are expected to be within sulfate particles, so a solubility factor of 1 is used.
Aerosol concentration tendencies due to below-cloud scavenging are obtained as
where p is the precipitation rate (in kg m À2 s
) and c scv is the impaction scavenging coefficient which is set to 0.1 mm À1 (or m 2 kg À1 of water) for all aerosol types and sizes, and the same solubility factor of 1 as above.
Each aerosol bin is processed as a column, starting at the top, and aerosol scavenged in stratiform precipitation is released into lower grid boxes if evaporation of the precipitation occurs. For convective precipitation, the aerosol is removed directly to the surface. Hughes (1978) and previously used in a WACCM-CARMA study of MSPs in the middle atmosphere (Bardeen et al., 2008) .
Model Runs and Variations From the Standard Version
Two runs used a different scheme to that described in section 2.1. Run sep-7.9 used pure MSP and pure sulfate groups only, with no interaction between them, in order to assess the effect of including the MSP-sulfate interaction. Run unab-43 extends the size bins by 20 so that the maximum radius is over 500 μm. 35.4 t d
À1
of unablated dust (including cosmic spherules) with radii between 3.8 and 500 μm can then be included, based on the recent results from Carrillo-Sánchez et al. (2016) (size distribution in Figure S1 in the supporting information). For this run, the standard 7.9 t d À1 of MSP was also included.
Nucleation of polar stratospheric clouds (PSCs) has been proposed to occur on MSPs (Voigt et al., 2005) . If the resulting nitric acid-trihydrate (NAT) particles grow large enough, they can precipitate through the tropopause. Two runs were performed to simulate the potential effects of PSC precipitation (section 3.3). The first represents an upper limit, in which 90% of the aerosol in a grid box precipitates directly to the surface after PSC formation (psc-srf-7.9). In the second run the NAT particles precipitate through the tropopause and MSPs are released below 400 hPa (psc-evp-7.9), which simulates the complete evaporation of NAT particles after entering the troposphere. PSC formation was modeled to occur if the temperature fell below 194 K, at pressure levels between 10 and 400 hPa (~7-27 km). This is approximately 4 K below the temperature at which NAT becomes thermodynamically stable, a freezing depression which was recently shown to produce a good match to observed clouds (Hoyle et al., 2013) . A more detailed implementation of PSC freezing in the model would require a parameterization of heterogeneous nucleation kinetics and NAT growth and sedimentation, which is beyond the scope of this study.
Runs impc-7.9, stnd-7.9-dry, and psc-evp-7.9-dry are described in section S1 in the supporting information.
Initialization and Time Coverage
Runs stnd-7.9, stnd-44, and sep-7.9 begin in January 2001, initialized from a specified dynamics WACCM-CARMA run obtained from the CESM repository. MSP concentrations were initialized separately from a previous free-running 7.9 t d À1 WACCM-CARMA run, and scaled linearly for the stnd-44 run. Runs psc-evp-7.9 and psc-srf-7.9 were initialized from the output of stnd-7.9 in August 2003 to allow an initial spin-up period. These were all continued until November 2014, and 9 year averages from December 2005 to November 2014 are compared in section 3.
The run representing unablated material (unab-43) was initialized from the output of stnd-7.9 in January 2006 and continued until April 2007. Only 1 year of output was required for this run as the larger unablated cosmic dust is not affected significantly by the residual atmospheric circulation.
The remaining five shorter runs were initialized from stnd-7.9 between January and March 2006, and run until June 2010, with July 2006 to June 2010 averages compared in section 3.
UM-UKCA
To test whether the MSP deposition results from WACCM-CARMA are also the case for other models, we carried out the standard run also as a parallel experiment in the UM-UKCA composition-climate model (e.g., Morgenstern et al., 2009 ). The UM-UKCA experiment applied an updated realization of the interactive stratospheric aerosol capability validated by Dhomse et al. (2014) , with the model here resolving pure sulfate and mixed MSP-sulfate particles separately as in CARMA. This "version 3 strat-trop" configuration of UM-UKCA is run here in a volcanically quiescent present-day setting, and has also been identically run in a Tamboraperturbed preindustrial setting (Zanchettin et al., 2016) . Briefly, MSPs are represented within GLOMAP-mode via the existing accumulation insoluble (acc-ins) mode, which has previously only been applied to transport terrestrial dust (e.g., as in Mann et al., 2010) . A key distinction with this new GLOMAP-mode setup is that, whereas previously dust "condensation-aged" from insoluble to soluble modes (at a rate determined by how much soluble material condenses or coagulates onto its surface), in the MSP-extended version this transfer no longer occurs for fine-mode dust. Instead, a new "acc-ins mode sulfate" tracer explicitly tracks how much sulfate is accommodated onto MSPs, and there is no longer any dust in the corresponding accumulation soluble mode.
The top layer of UM-UKCA is at~85 km, which is around the peak of MSP formation. Therefore, in order to provide a comparable MSP representation, the approach in UM-UKCA is to, above 20 Pa (~65 km), overwrite
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the acc-ins number and mass mixing ratios with zonal average monthly mean MSP concentrations from the WACCM-CARMA simulations. Using this approach, UM-UKCA benefits from the higher model top WACCM (~140 km), while retaining the better resolution of the lower atmosphere in the 85 levels present in UM-UKCA.
The UM-UKCA simulation is a time slice run using repeating year 2000 emissions, sea surface temperatures, and sea ice extent, initialized following over 15 year spin-up with the MSP input included. The 6 years analyzed here were after adjustment from terrestrial dust emissions being switched off, the total burden and deposition then becoming near constant, indicating that the terrestrial dust had all been removed. Since the continual adjustment of the acc-ins GLOMAP tracers in the mesosphere inherently means that it will not match the surface MSP deposition simulated in WACCM-CARMA where the smoke source is provided explicitly, the UKCA deposition (which totaled 2.33 t d
À1
) was rescaled (increased by a factor of 7.9/2.33) to match the 7.9 t d À1 input deposited in WACCM.
Results
WACCM-CARMA provides separate wet and dry deposition fluxes for each aerosol size bin, so these are summed to give the total deposition flux. All of the values reported here for the four polar sites were determined by calculating the total deposition at the midpoints of the surrounding model grid boxes, and linearly interpolating to the exact locations. It should be noted that the difference between the results obtained from the single grid box in which an ice core site is located, and an average of the surrounding grid boxes, was never significant enough to alter any of the conclusions below.
Standard Run
The deposition fluxes at the ice core locations obtained from the standard stnd-7.9 run, which includes an MSP input of 7.9 t d
À1
, are factors of 33-56 and 11-36 smaller than the observations in Greenland and Antarctica, respectively, as shown in Table 2 . With a 7.9 t d À1 input, the deposition would need to be very strongly enhanced over the sites with "deposition enhancement ratios" (defined as deposition flux at ice core site/global average) of 16-27 and 2.4-7.6. Figure 1a shows the global distribution of MSP deposition from stnd-7.9, and it can be seen that there is no such enhancement of MSP deposition at the polar locations.
MSPs undergo some stratosphere-troposphere exchange (STE) at high latitudes following polar vortex breakup, but STE mostly occurs at midlatitudes due to tropopause folding caused by storm tracks. The MSPs are then transported poleward in the troposphere, during which significant wet deposition occurs because of relatively high levels of precipitation. This results in the two main deposition bands seen in Figures 1a-1c .
The UKCA run shows a very similar pattern (Figure 1f ) of MSP deposition flux distributions as WACCM ( Figure 1a ) and even lower deposition fluxes at the ice core sites (particularly Greenland). This demonstrates that the general pattern of MSP entrainment into the troposphere and deposition is not specific to WACCM.
Changes to Deposition Scheme
To assess whether the deposition scheme caused the discrepancy between the ice core measurements and models, runs were performed in which the dry/wet deposition ratio was increased (stnd-7.9-dry and psc-evp-7.9-dry), a parameterization for impaction scavenging was used (impc-7.9), and wet deposition was turned off completely (nowet-7.9). None of these tests affected the deposition fluxes at the ice core sites by more than 35%, which suggests that changes to the deposition scheme are unable to resolve the differences between models and observations. A full description of all of these runs is available in Text S1 in the supporting information.
PSC-Based Removal of MSPs
The results above suggest that if a large deposition enhancement of MSPs is to be achieved at the ice core locations, MSPs must undergo STE to a much greater extent at higher latitudes. PSCs are thought to be nucleated by MSPs and form in the low temperatures of the lower stratospheric polar vortices (Voigt et al., 2005) . Once frozen, PSC particles can grow to radii of 5-10 μm (Carslaw et al., 2002; Fahey et al., 2001; Fueglistaler et al., 2002; Molleker et al., 2014) , which is large enough for sedimentation through the tropopause, followed either by evaporation or direct precipitation to the surface. Gre.
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Ant. Gabrielli et al. (2004) and Gabrielli et al. (2006) . Note that the Antarctica measurements are for the LGA and are not expected to be as comparable to present-day models as are those from the Holocene. Two runs, psc-srf-7.9 and psc-evp-7.9, were performed as described in section 2.3, and their deposition patterns are shown in Figures 1d and 1e , respectively. Run psc-srf-7.9 was designed to represent an upper limit to this PSC removal process, where MSP-containing PSCs are removed directly to the surface. As expected, this does improve the deposition fluxes with regard to the observations, giving the best observed/calculated ratios obtained in this study, of 1.5-1.8 and 0.9-2.9 for Greenland and Antarctica, respectively (Table 2) . Unlike psc-srf-7.9, run psc-evp-7.9 (where the PSCs evaporate once in the troposphere) still relies on normal wet/dry deposition after sedimentation across the tropopause has occurred at high latitudes. In this run, the deposition rates at the ice cores sites are approximately double those of the standard stnd-7.9 run. The atmospheric MSP concentrations-and hence wet deposition-in this run are much higher above the ice core sites than in the other runs ( Figure S2 ). However, the in-cloud wet deposition method described in section 2.2 should represent an upper limit, as it uses a solubility factor of 1.0 and no other scavenging coefficient; hence, increasing it arbitrarily would not be physically reasonable.
Unablated Cosmic Dust
As unablated cosmic dust is now thought to make up~82% of the total cosmic dust input (Carrillo-Sánchez et al., 2016) , run unab-43 was performed to include a second fraction of larger unablated particles (r = 3.8-500 μm). Figure S3d shows that, as expected, these relatively large particles sediment rapidly and dry-deposit almost isentropically. The deposition enhancement ratios, including both unablated dust and MSPs, are 0.79 and 0.80 in Greenland and Antarctica, respectively. 
Discussion
The high level of MSP deposition over Greenland cannot be matched by the current model with global MSP input of 7.9 t d
À1
, even with reasonable adjustments to the deposition scheme. A very high concentration of MSPs above Greenland compared to lower latitudes would be required, but the opposite is the case in the standard runs. The only change to the model that successfully reproduces the observations involves PSC-based removal directly to the surface. We now discuss these results and examine a range of possible explanations for the discrepancies between the observations and modeling.
Uncertainty in the Cosmic Dust Input
The total cosmic dust input is estimated by Carrillo-Sánchez et al. (2016) to be 43 ± 14 t d À1 . The uncertainty includes the stated errors in the measured Na and Fe fluxes in the upper mesosphere, and the cosmic spherule flux at the South Pole. The uncertainty in the ablated flux (which then recondenses to form MSPs) would therefore be ±2.6 t d À1 . Even if this uncertainty was doubled, the upper limit to the ablation flux of 14 t d À1 is still well below that required to model the measured deposition fluxes in the polar regions. Furthermore, the Na and Fe fluxes that correspond to the ablation of 43 t d À1 are already approximately an order of magnitude larger than the injection flux required for reproducing the Na and Fe layers in WACCM .
PSC-Based Removal of MSPs
Before discussing the results of the PSC-based removal runs, it should be noted that, as explained in section 2.3, a very simple model of PSC formation has been used to test whether this scenario is at all feasible; if so, further investigation with a more detailed model would be warranted. To obtain the agreement shown in section 3.3, PSCs have to be removed directly from the polar winter stratosphere to the surface. The validity of this scenario can be tested in several ways. First, balloon-borne aerosol number density profiles from McMurdo, Antarctica, show a minimum of~10 cm À3 at around 16 km altitude during winter (Campbell & Deshler, 2014) . A comparison of these profiles with the appropriate model run (psc-srf-7.9) shows that because the smaller pure sulfate aerosols are not removed significantly (since these are assumed to freeze into NAT at lower temperatures than the sulfate particles with MSP cores) there is still marginal agreement with the balloon measurements ( Figure S4 ), although the agreement with the standard run is much better.
A second way to assess the validity of direct PSC-based removal is comparison with nitrate deposition in ice cores, as the post-nucleation growth of PSCs removes HNO 3 from the lower polar stratosphere. Although HNO 3 deposition is not tracked specifically in the model, the deposition of the mixed sulfate particle group can be used to estimate the deposition of stratospheric nitrate in the ice cores, if the sulfate:nitrate ratio in the sedimenting PSC particles is known. The minimum value of this ratio should be the equilibrium concentration of the droplets at nucleation, which gives a mass ratio of HNO 3 :H 2 SO 4 of~12 (Carslaw et al., 1997) .
The maximum would be the difference in mass between an 80 nm radius 70 wt % H 2 SO 4 droplet (the atmospheric background (Deshler et al., 2003) ) and a 10 μm radius NAT particle, which results in HNO 3 : H 2 SO 4 = 1.3 × 10 6
. The difference between the sulfate fractions of the mixed sulfate deposition flux for runs stnd-7.9 and psc-srf-7.9 (a factor of 2-6 times higher in psc-srf-7.9) can then be used to estimate the sulfate deposition due to the PSC-based scheme, and multiplied by 12 to estimate a lower bound for the resulting nitrate deposition flux. Using snow accumulation rates and average nitrate concentrations at several Antarctic sites as reported by Wolff and coworkers (Wolff et al., 2010 (Wolff et al., , 2012 , the ice core nitrate concentrations are listed in Table 3 .
The calculated nitrate deposition fluxes are a factor of 3.3-24 times higher than the observations, at the three high-latitude ice core sites. As the nitrate sources from tropospheric photochemistry have not been included in the model in this study, and as the actual nitrate/sulfate ratio may be orders of magnitude higher, this is strong evidence against the direct precipitation of PSCs to the surface in quantities large enough to account for the MSP deposition measurements. Furthermore, the pattern of the measured nitrate deposition is what would be expected from a mainly tropospheric source: the higher latitude ITASE site experiences less deposition than the lower latitude site; Law Dome on the Antarctic coast experiences the most; and EPICA on the East Antarctic plateau the least (Wolff et al., 2010 (Wolff et al., , 2012 . As shown in Table 3 , this is the complete opposite of the pattern of calculated fluxes from the direct deposition of stratospheric PSCs.
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Furthermore, the deposition pattern shown in Figure 1e shows that WACCM determines the average position of the Arctic polar vortex to be between the North Pole and Scandinavia, resulting in more MSP deposition in Greenland than the zonal average for that latitude. This is not an unreasonable result for the time period covered, as it has recently been shown that, between 1980 and 2009, the average position of the vortex has been moving towards Eurasia (Zhang et al., 2016) . However, as the ice core measurements are historical records, the position of the polar vortex is likely to have been more evenly distributed over longitude. If this occurred in the model, the calculated deposition in Greenland would be lower, and run psc-srf-7.9 would no longer successfully reproduce the Greenland ice core measurements.
High-Latitude Stratosphere-Troposphere Exchange
Another possible explanation for the disagreement would be if high-latitude STE was severely underestimated in both WACCM and UKCA. The resolution in the region of tropopause is about 0.5 km in UKCA and about 1.0 km in WACCM, and despite these differences, the final results are similar. Nevertheless, it is possible that some STE processes are not resolved in both models.
A significant fraction (5-40% ) of the tropospheric concentration of the beryllium isotopes 7 Be and 10 Be is produced in the stratosphere, and they are rapidly taken up into aerosols (Field et al., 2006) , so Be isotope deposition fluxes offer another method of studying aerosols of stratospheric origin.
Liu et al. (2016) used
7 Be specifically to investigate STE. They compared models forced by four sets of meteorological fields, one of which they believed to demonstrate excessive high-latitude STE. However, best agreement overall with observations was found using meteorological fields without high levels of local STE. Deposition observations were limited to~20-60°N (ice core measurements are not possible due to the short half-life of 7 Be), but surface concentration measurements were available at high latitudes. Field et al. (2006) also modeled 10 Be production and transportation, and compared the results to 10 Be ice core measurements at two sites in Greenland and three in Antarctica. In all cases their control run produced higher concentrations in snow than the observations, by factors of 1-6 in Greenland and 1.3-2.2 in Antarctica. A considerable percentage of this 10 Be will be of stratospheric origin (5-35% ), and so even moderate increases in high-latitude STE would worsen the agreement.
Elsässer et al. (2015) assembled 10 Be air concentration measurements and plotted them against latitude in their Figure 1 ; this comparison would also not benefit from a large increase in high-latitude STE. Values at high latitude are above the average by~50% in Antarctica, and around the average in Greenland, and there is an increase from around ±65 to 70°. However, the difference in concentration is far less than would be expected if a substantial increase in STE occurred, particularly considering the low rates of precipitation at high latitudes.
The results of these studies therefore suggest that a significant increase in high-latitude STE, which would improve agreement between the models in the present study and the MSP deposition measurements, is unlikely to be valid. We have focused on Be isotopes due to their similarity to MSPs as stratospheric aerosols, but significantly increased high-latitude STE would also affect agreement with observations of other species such as O 3 (Stevenson et al., 2006) .
Increased Snow Scavenging
The model of Dhomse et al. (2013) used a simplified deposition scheme based on aerosol removal under humid conditions, and where snow removed 5 times more aerosol than rain. This was because below- 
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cloud scavenging was assumed to be the primary deposition pathway, whereas the more advanced scheme in WACCM calculates below-and in-cloud scavenging explicitly, based on precipitation formation and fall rates. As described above, WACCM predicts in-cloud scavenging to be the dominant removal pathway, and there is no reason to expect in-cloud scavenging to be more efficient for snow than rain. This results in less deposition in Greenland, but more in Antarctica, than obtained by the simpler method of Dhomse et al. (2013) .
MSP Magnetization Measurements in Ice Cores
The composition of the SP dust fraction (see section 1) was determined by analyzing the shape of the IRM acquisition curve, which indicates whether low-or high-coercivity materials are present (Lanci et al., 2012) . In the case of Greenland it was concluded that 85% of the IRM was due to low-coercivity materials such as magnetite (Fe 3 O 4 ) or maghemite (γ-Fe 2 O 3 ), with the remainder from high-coercivity particles such as hematite (α-Fe 2 O 3 ) or goethite (FeOOH) (Lanci, 2004) . For Vostok, Lanci et al. (2008) stated that a variable mix of high-and low-coercivity particles was present. For EPICA, there was a consistent difference between interglacial and glacial periods, where the particles had low and high coercivity, respectively.
In the calculations of MSP concentration in their subsequent study (Lanci et al., 2012) , all of the MSPs are assumed to be magnetite, attributed to the high-temperature oxidation of ablating particles in the upper atmosphere. While this process is known to occur, and partially ablated micrometeorites have been observed to contain a surface magnetite layer (Love & Brownlee, 1991; Suavet et al., 2009; Toppani et al., 2001) , MSPs are produced from metal atoms after they have fully ablated, and therefore, it is not clear why the Fe would then form magnetite or maghemite, when in the presence of Si-and Mg-hydroxides (Saunders & Plane, 2011) . Furthermore, the Fe in MSPs should dissolve in the sulfate aerosol layer (Saunders et al., 2012) , and is likely to be left as an Fe 2 (SO 4 ) 3 residue before being deposited at the surface. Unfortunately, if the calculations were performed assuming a much less magnetic material, the resulting MSP concentrations and required input of cosmic dust would be much higher, resulting in an even larger discrepancy between the observations and model results of the present study.
The effects of crustal dust are taken into account by measurements of dust with radii >0.1 μm, and assuming that the ratio of small/large dust is constant. However, the shape of the dust size distribution (and the composition) is different between glacial and interglacial periods (Delmonte et al., 2004 (Delmonte et al., , 2002 , which would produce a nonlinear correlation of measured dust concentration and SP fraction. Indeed, a weaker interglacial polar vortex was used to explain the superchondritic Ir/Pt ratio measured by Gabrielli et al. (2006) (section 1). This view is supported by dust size distribution measurements at EPICA (Delmonte et al., 2002; Delmonte et al., 2004) ; however, measurements at other Antarctic sites (Delmonte et al., 2004 ) and a recent modeling study (Kim et al., 2014) show the opposite effect. In any case, a glacial-interglacial variation in atmospheric circulation is likely, which would result in different MSP inputs during these periods. This, in addition to the size distribution variation mentioned above, indicates that treating the glacial and interglacial values separately is probably preferable when comparing to present-day models.
If only interglacial data points from the magnetization measurements are included (~26 points), the SP intercept for Vostok (proportional to MSP input) would be (65 ± 46)% of the original value. For NGRIP there would be no correlation between SP and dust concentration (but only eight data points). This is also the case for EPICA (~17 points), although it does not exhibit the same relationship between dust concentrations and glacial/interglacial periods. Including only low-dust results would similarly give no correlation.
Carrillo-Sánchez et al. (2016) recently determined that~82% of the incoming cosmic dust is unablated, and more than 99% of the mass of unablated particles is contained in particles with r > 3.8 μm. These are too large to be single-domain (SD) magnetite particles, but multidomain (MD) grains which could contain some magnetite that might contribute to the SP signal (Lanci et al., 2007) . However, the magnetization of these MD particles would be around an order of magnitude smaller than the single-domain particles (L. Lanci, Univesità di Urbino, personal communications). Particles of this size would be measured by the Coulter counters, but would be in concentrations of~0.13 ng g À1 in Greenland and~1.5 ng g À1 in Antarctica, which compares to total dust concentrations that are much higher, within the range of 4-8000 ng g À1 . Hence, any SP magnetization they caused would add to the intercept of SP versus total dust concentration plots (see section 1). This would contribute no more than 45% of the magnetization due to SD magnetite MSPs, assuming 18%
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of cosmic dust ablates, all unablated dust is made up of MD magnetite (with 10% of the magnetization of SD magnetite), and unablated material is deposited uniformly across the globe. That is, micrometeorites should make a limited contribution to the SP measurements, reducing the required cosmic dust input by a factor of less than 1.45, which is not enough to achieve agreement with the observations. Furthermore, the number flux of these micrometeorites is too small for them to occur regularly enough in ice core samples to produce a reasonably statistical contribution to the SP measurements (unless substantial fragmentation of cosmic dust during atmospheric entry occurs).
A further point is that micrometeorites are likely to be composed mostly of iron-rich olivines or pyroxenes (see section 1), which would not produce the observed magnetization. It is possible that the olivine could be converted to magnetite through the process of serpentinization in the ice. The rate at which this occurs in liquid H 2 O at 298 K and a pH of 5.2 (typical of an ice core) is 6.5 × 10 À14 mol cm À2 s À1 (Wogelius & Walther, 1992) . Extrapolating to an ice core temperature of 260 K using an activation energy of 70 kJ mol À1 (Lasaga et al., 1994) , the rate decreases to 1.0 × 10 À15 mol cm À2 s À1 . The olivine in a 50 μm radius micrometeorite would then be converted to magnetite in about 700 years, which is an appropriate time scale. However, the serpentinization rate does not appear to have been measured in ice as opposed to liquid H 2 O, and is probably significantly slower.
Lastly, the modeled size distribution of the deposited MSPs at the deposition sites is presented in Figure S5 , which shows that for the standard run (stnd-7.9), most of the MSP mass is predicted to be in particles larger than the~10 nm radius limit for contribution to the SP signal (Lanci et al., 2012) . For run sep-7.9, only 0.2% of the particles were below this size. In fact, it is likely that CARMA underestimates the MSP coagulation rates, which should be enhanced by the long-range magnetic dipole interactions of the Fe-rich particles (Saunders & Plane, 2010) , which is not yet included in CARMA.
Pt/Ir Measurements in Ice Cores
Gabrielli and coworkers estimated the cosmic dust input by measuring Ir and Pt concentrations in ice, after dissolution in nitric acid (Gabrielli et al., 2004 (Gabrielli et al., , 2006 . This process was expected to only dissolve Ir and Pt from MSP particles (r < 100 nm). For larger micrometeorites (>3 μm), probably less than 10% of the total Ir and Pt would dissolve (P. Gabrielli, Ohio State University, personal communications). However, this relates to spherical particles, whereas MSPs are likely to be fractal-like and porous (Saunders & Plane, 2006) , with a greater surface area available for dissolution. As an upper limit, if 100% of the Ir and Pt dissolved, an MSP deposition flux of 15.4 × 10 À5 g m À2 yr À1 would include the 35.4 t d À1 unablated fraction and the results from model run unab-43 would apply. This would reduce the observed/calculated ratio to 3.3-5.7 and 0.37-1.6 for Greenland and Antarctica, respectively. However, this comparatively good agreement assumes complete dissolution of Ir and Pt in micrometeorites, and also ignores the fact that this would produce a much more stochastic pattern to the measured MSP deposition flux, as pointed out by Gabrielli et al. (2004) .
Another point to consider is that the measured Ir/Pt ratio in Greenland during the Holocene is, on average, close to the chondritic ratio of 0.49 (Gabrielli et al., 2004) . This is surprising given recent advances in understanding differential ablation (Gómez Martín et al., 2017) . Carrillo-Sánchez et al. (2016) predicted elemental ablation fractions of 21% for Fe, 17% for Si, 10% for Ca, and 7% for Al. Although the elements Ir and Pt are not included in the Chemical Ablation Model (CABMOD) (Vondrak et al., 2008) used in that study, the vapor pressures of these elements above their pure liquid phases lie between those of Fe and Ca above a silicate melt ( Figure S6 ). This indicates that 10-21% of these elements should ablate, with Pt ablating more readily than Ir. This has two implications: first, that the Ir/Pt ratio should be less than 0.49 in MSPs; and second, that using the Ir and Pt fluxes as markers of the cosmic dust input implies that the total input is a factor of 5-10 times larger than the already very large 214 ± 82 t d À1 estimated by Gabrielli et al. (2004) .
It is therefore worth considering contamination of the ice cores by other sources of Ir and Pt. Gabrielli et al. (2006) concluded that continuous quiescent volcanic degassing (most likely from Mount Erebus) contributed to increased levels of Ir (Koeberl, 1989) during interglacial periods in Antarctica. In the Greenland study (Gabrielli et al., 2004) , volcanic eruptions were ruled out due to Ir species reacting rapidly with available particulates and being deposited close to the source. However, the Icelandic volcanoes are a similar distance from GRIP as Mount Erebus is from EPICA, and Gabrielli et al. (2008) volcanic fallout from Iceland to GRIP. The ice core sections analyzed from GRIP have a time resolution of 2 to 10 years; therefore, some or all of the GRIP Ir measurements could include a contribution from regularly erupting Icelandic volcanoes (Thordarson & Larsen, 2007) . A similar case can be made for Pt. In 2004, it was not known whether Pt was enriched in volcanic emissions (Gabrielli et al., 2004) ; however, this has now been shown to be the case (Soyol-Erdene et al., 2011; Yudovskaya et al., 2008) . In fact, increases in Pt deposition seen in Greenland were attributed to recent volcanic emissions (Gabrielli et al., 2008) , and superchondritic Ir/Pt ratios from the Antarctica study coincided with an increase in the Pt flux (Gabrielli et al., 2006) .
Although the average Ir/Pt ratio in the Holocene measurements at GRIP was 0.49 (close to the chondritic (CI) ratio), the ratio for individual data points varied between 0.20 and 0.99 (Gabrielli et al., 2004) . Also, all but two of the data points during the preceding glacial period were in this range with an average of 0.55 (excluding two very high Ir/Pt ratios of 2.50 and 2.91). The Ir flux can then be expressed as
where Φ , a factor of 1.9 less than the original results (Gabrielli et al., 2004) .
A similar correlation of Ir and Pt against Ir/Pt is found for the LGA data points from EPICA ( Figure S7) , and an equivalent fit results in an MSP flux of (1.8 ± 0.4) × 10 À5 g m À2 yr
À1
, a factor of 2.6 less than the original results (Gabrielli et al., 2006) . The fitted β Ir /β Pt is 1.08 for EPICA, which is very close to the value for GRIP. The revised values for the GRIP and EPICA fluxes are listed in Table 2 , and are in much better agreement with the fluxes derived from the superparamagnetic Fe measurements in Table 3 . No correlation for either element was found for Vostok ( Figure S7 ), so that the Vostok data cannot be used for analogous fits.
Nanodust From the Inner Solar System
Small interplanetary dust particles (r < 1 μm) tend to be blown out of the solar system by radiation pressure, rather than their orbits being circularized by Poynting-Robertson drag (Dermott et al., 2001; Nesvorný et al., 2010) . Nevertheless, fine dust of r~10 nm should be produced from comets while in the inner solar system, and therefore contribute some of the cosmic dust flux at Earth (Czechowski & Mann, 2010 ; Le Chat et al., 2013; Schippers et al., 2014) . However, 99% of the total mass flux would still be within particles larger than about 3 μm, using the cumulative flux in Figure 3 of Schippers et al. (2014) .
Meteoroid Fragmentation
If incoming cosmic dust particles experience pressures higher than their tensile strength during atmospheric entry, then they can undergo fragmentation. This process has been observed for some large particles by meteor luminosity measurements (Blum et al., 2014 (Blum et al., , 2015 . Hornung et al. (2016) recently reported the collection of cometary dust particles at low-impact velocities using the COSIMA instrument on the ROSETTA spacecraft, from which they deduced the pressure required for fragmentation (i.e., the tensile strength) to be between~0.8 and 14 kPa. Other modeling and observational studies of cometary material tensile strengths on the 10-100 μm scale are in agreement with these values (Bar-Nun et al., 2007; Biele et al., 2009 ).
The CABMOD model (Vondrak et al., 2008) can be used to estimate the maximum pressure exerted on a meteoroid of specified mass by collision with air molecules before it melts, for a range of entry zenith angles and velocities. The pressure is calculated as the kinetic energy density,
, where ρ is the atmospheric density and v is the meteoroid velocity. Figure S9 shows an example of the maximum pressure as a function of initial particle size and velocity, for one entry angle (others are very similar). Taking into account the size and velocity distributions from Carrillo-Sánchez et al. (2016) , 95% of particles (by mass) will experience pressures of only 35-400 Pa. Hence, based on the tensile strengths discussed above, fragmentation should not produce a significant flux of sub-micron particles carrying Ir and Pt to the surface.
However, another possibility is that fragmentation could occur during atmospheric entry if, before the main silicate phases melt, the "glue" cementing the mineral grains in the meteoroid evaporates, for example, if it were an organic substance or a Na-rich mineral. This process has been suggested by Subasinghe et al. (2016) to account for their observations with high-resolution cameras of meteor light curves. They report that >90% of meteors that they have observed fragment to some extent. Only millimeter-sized meteoroids can be observed by this method, but the same process may cause fragmentation of smaller meteoroids if they became sufficiently hot during atmospheric entry. Depending on the size of the fragments, this process could result in material small enough to be transported with the atmospheric circulation (if there are significant small fragments with r < 100 nm), rather than only sedimenting rapidly across the tropopause. Like MSPs, smaller fragments (r < 0.5 μm) would build up in the lower stratosphere. Aircraft-based measurements of stratospheric sulfate aerosol found that Fe-containing particles were composed of 0.5-1.0% meteoric Fe by mass (Cziczo et al., 2001) . Using the same size limits as the measurements and averaged over the same spatial range, the standard stnd-7.9 model run predicts this value to be 0.3-0.4%. Therefore, there is scope for the presence of more stratospheric Fe, by up to about a factor of 3. A final point is that a large number of smaller fragments would make the counting statistics in the ice core sections much less stochastic compared with unfragmented micrometeorites.
Changes in the Cosmic Dust Flux Over Time
It is of course possible that the cosmic dust input rate has decreased over the course of the Holocene. The GRIP ice core measurements range from~700 to 11,500 years before present (Gabrielli et al., 2004) , and the useable MSP measurements in Antarctica from~18,000 to 217,000 years before present (Gabrielli et al., 2006) . In contrast, the Fe and Na atom vertical flux measurements (Gardner et al., 2014; Huang et al., 2015) used by Carrillo-Sánchez et al. (2016) to constrain the cosmic dust mass input rate are contemporary. An approximately 100 kyr periodicity in the cosmic dust flux was suggested by Farley and Patterson (1995) and Patterson and Farley (1998) based on 3 He measurements. However, this has more recently been attributed to varying focusing of sediments by ocean currents (Higgins et al., 2002; Marcantonio et al., 1999; Winckler et al., 2004) , and a constant flux of extraterrestrial 3 He has been found in Antarctic ice cores (Winckler & Fischer, 2006) . In addition to this periodicity, sharp spikes in the 3 He record have been occasionally observed, possibly attributable to the close passage of a single comet or major asteroidal collision event (Patterson & Farley, 1998) . More specifically, it has been suggested that a large fraction of the recent cosmic dust input is due to the disintegration of a single body (Comet Encke), and this input has steadily decreased over a time scale of~10 kyr (Steel et al., 1991) . Therefore, a significant decrease during the Holocene is Journal of Geophysical Research: Atmospheres 10.1002/2017JD027143
possible, but there is no clear evidence to support this and it would need to have occurred within the last millennium.
Summary and Conclusions
Ice core observations of MSPs from superparamagnetic Fe and Ir/Pt measurements, in both Greenland and Antarctica, show much higher deposition fluxes than predicted by the WACCM chemistry-climate model with CARMA aerosol microphysics, using an MSP input of 7.9 t d À1 which is consistent with the vertical fluxes of Na and Fe atoms in the upper mesosphere (Carrillo-Sánchez et al., 2016) . The observed/modeled ratios are 33-56 in Greenland and 11-36 in Antarctica. The low deposition fluxes predicted at the ice core locations arise because of a lack of enhancement of MSP deposition at high latitudes: the deposition enhancement ratios are 0.49 and 0.21 for Greenland and Antarctica, respectively. The required input to match observations in Greenland and Antarctica, assuming that deposition rates scale linearly with the input, would be 250 and 95 t d À1 , respectively. These are within the upper limit of previous literature values (Plane, 2012) , but much greater than the most recently value which is constrained by multiple observations (Carrillo-Sánchez et al., 2016) .
After inspection of the Ir/Pt measurements, there is evidence for another source with a higher Ir/Pt ratio than MSPs, at least in the GRIP (Holocene) and EPICA (Last Glacial Age) data. This source is likely to be volcanic, as both sites have been shown to be subject to volcanic fallout, and Pt and Ir are both enriched in volcanic emissions with respect to their crustal composition. Reanalysis of this data results in decreased flux values with observed/modeled ratios of 30-33 in Greenland and 11-13 in Antarctica.
Changes to the deposition scheme in the model were explored: below-cloud scavenging was parameterized based on aerosol size, and dry deposition increased to reduce the washout of MSPs at midlatitudes. However, neither of these options resulted in a significant change to the pattern of MSP deposition. A further run was performed using the UKCA model, which has much finer vertical resolution around the tropopause, but this shows general agreement with WACCM, and even lower deposition enhancement ratios in Greenland. A significant increase in STE at high latitudes would improve agreement, but Be isotope studies suggest that this is unlikely.
If MSP-nucleated PSCs sediment directly from the polar winter stratosphere to the surface, then satisfactory agreement between the modeled and measured MSP deposition rate can be achieved. However, while the measured aerosol concentrations in the lower stratosphere and extinction/backscatter measurements do not completely rule out such a process, the excessive nitrate deposition that would result makes this extremely unlikely. The approach of allowing the sedimenting PSCs to evaporate in the troposphere before reaching the surface produces only a limited improvement in agreement of the model with the MSP deposition measurements. A simple PSC scheme was used here, which could be improved with a full treatment of heterogeneous nucleation and particle growth, although it is difficult to see how this would reduce the discrepancy with the measurements.
Since only~18% of the incoming cosmic dust mass ablates, there is another 35 t d À1 of unablated material which enters the atmosphere (Carrillo-Sánchez et al., 2016) . If much of this dust fragments during atmospheric entry into sub-micron particles (which are too small to ablate), then the observed/modeled ratios would be reduced to values of 3.1-3.3 and 0.5-0.6 in Greenland and Antarctica, respectively. However, while these values represent much better agreement, there is no direct evidence for fragmentation of meteoroids smaller than 100 μm in radius.
In conclusion, it appears that none of the explanations considered here can fully account for the marked disagreement between the measured and modeled MSP deposition fluxes. This is the case both for the absolute and the relative fluxes in Greenland and Antarctica. There are a number of directions for future research that may help to resolve these discrepancies. First, the ablated meteoric flux-for example, the MSP sourceis tied to the fluxes of Na and Fe atoms measured by lidar in the upper mesosphere (Carrillo-Sánchez et al., 2016) . However, these measurements have only been made in a handful of locations by the groups of Gardner (Gardner et al., 2014 (Gardner et al., , 2016 and Chu (Huang et al., 2015) . More measurements over a range of latitudes would be very desirable. Second, the contribution of volcanic sources of Ir and Pt to the MSP signal in ice cores needs to be better understood, as well as the potential contribution of larger meteoric
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fragments to the Ir and Pt signals. Third, the separation of the glacial and interglacial data in Fe superparamagnetic observations, and a better understanding of how highly magnetized sub-100 nm particles are produced in the atmosphere, is needed. Fourth, the model predicts relatively high MSP deposition rates over the Himalayas and Canadian Rockies (Figure 1 ), which suggests that glacial ice core measurements in these locations should be a priority.
